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ABSTRACT . 

The value of the solar constant indicated by 30 years of observation by the Smithsonian Institution is 
revised in the light of the scale correction announced in 1952 and new solar spectral-irradiance data for 
outside the earth’s atmosphere obtained by the Naval Research Laboratory. The ultraviolet and infrared 
corrections applied by the Smithsonian Institution in solar-constant determinations are examined and re- 
evaluated. The accuracy of their measurement of total irradiance in the spectral range 0.346 to 2.4 microns 
is in general supported, only a 0.3 per cent increase being indicated owing to revision of a correction applied 
in reaching their value. The corrections for radiation outside this spectral range are found to be larger than 
those used by the Smithsonian Institution. The new value of the solar constant is 2.00 calories per square 
centimeter per minute, with a probable error of two percent, and the solar-il luminance constant is 13.67 
lumens per square centimeter (12,700 foot-candles). 

1. Introduction 

The solar constant is the rate at which energy is 
received upon a unit surface, perpendicular to the 
sun’s direction, in free space at the earth’s mean 

(r 

ce from the sun. It is genera!ly expressed in 
es per square centimeter per m inute,, and in 

..: . ..t-.r. units has usually been considered to lie in the . . . . . . . . . . . . . . . . . . . . . . . _. 
:i:.:.:.:.:.:..i: 1.89 to 1.95. Recently, the ultraviolet end of . . . . . _ . . . . . 
tiYso!ar spectrum from 0.22 to 0.34 p has been meas- 
ured by JOhnSOn eta.2 [l] with rocket-borne spectro- 
graphs. From the visible region down to 0.30 p, new 
data were available from measurements made by 
Dunkelman and Scolnik [2]. These results made it 
possible to determine directly the ultraviolet correc- 
tion to the soIar constant, and served as a stimulus to 
review the entire question of the value of the solar 
constant and the spectrum of the sun. The resulting 
best value for the solar constant is 2.00 cal cm” 
m in-r, with a probable error of f2 per cent. 

2. The measurements of the Smithsonian Institutions 

The most extensive investigation of the solar con- 
stant has been made by Abbot, Fowle, .Aldrich, and 
Hoover of the Astrophysical Observatory of the Smith- 
sonian Institution [3; 4; 5 ; 6; 73. Their primary pur- 
pose has been to detect variation in the solar constant, 
and their interest in its absolute value has always 
been secondary. Nevertheless, the data of the Smith- 

‘an Institution provide the best source of informa- 

Q 
on the absolute value of the solar constant, and 

.i value is the one most frequently used and quoted. 
rJ’::L.*aver, there has been, for a number of years, con- . .‘.~.~.~~.vA~;.~: . . . . . . . . . ‘.:.:.:::I.:.:.:.:.:.:.::. over the scale in which their data arc presented, . . . . . . . . . &..c. . ..?requently the data have been used incorrecdy. 

The determination of the solar con&+-by the 

of the sun’s zenith angle), during a forenoon or after- 
noon. The h-radiance values for a selected wavelength 
are fitted to Bouguer’s law, and the corresponding 
zero air-mass &radiance value is determined by extra- 
polation. Similar extrapolations are made for a number 
of wavelengths and provide enough points to draw the ; 
zero air-mass solar spectral-irradiance curve. The ’ 9 
energy lying under the zero air-mass curve, corrected 
for the ultraviolet and infrared radiation not included 
in the observations and referred to mean solar distance, 
is the solar-constant value resulting from~the observa- 
tions of the particular forenoon or afternoon. 

c 

‘: 

Since the steps involved in obtaining the data and 
applying the corrections are rather difficult to follow, 
the observing procedures of the Smithsonian Institu- 
tion are shown in the form of a block diagram in 
fig. 1; this is intended to serve as an aid in following 
through the reconsideration of the various steps and 
corrections, which forms the main part of the present 
article. 

The solar spectral-irradiance curves are obtained 
with a recording spectrobolometer, consisting of a . 
large spectrometer with a bolometer receiver [S J. The 
absolute energy scale, however, is established by ref- 
erence to a measurement of total radiation made at 
the same time with a pyrheliometer. This was round 
necessary, because the sensitivity of the bolometer is 
subject to some drift between the recording of one 
spectrobologram and the next. The area under each 
spectrobologram is.normalized, to make it equal to . 
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the energy indicated by the pyrheliometer. Thus, the 
pyrheliometer is the standard instrument upon which 
the scale of the solar-constant measurements is based. 

A series of corrections is required, owing to the fact 
that the spectral range covered by the spectrobolom- 
eter is only from 0.346 to 2.4 p, whereas the pyr- 
heliometer is affected by all the solar radiation trans- -._ 
mitted thsh the atmosphere. Consequently= 
rkctions for the ultraviolet and infrared not recorded 
by the spectrobolometer must be applied before the 
spectrobolograms are normalized to the pyrheliometer 
readings. These corrections, which we will refer to as 
the “ultraviolet and infrared spectrobologram correc- 
tiotls,” have been determined by the Smithsonian 
Institution [6; 8). The accuracy ‘of the scale for all 
the spectral-irradiance curves depends upon the accu- 
racy of these corrections. These corrections depend 
upon the solar altitude and the quantity of water 
vapor and state of haze over the path to the sun. 
They involve the measurement of the small amounts 
of radiation reaching the earth’s surface at the ex- 
treme ends of the solar spectrum, and are applied as 
additions to the areas under the spectrobolograms 

SbllTHSONIAN 
IXSTITUTICW SOLAR CDNSTAXT OBSERVING 

PROCEDURE 

PYRHELKNETER 

SpectroSologam (Rclmtin 

FIG. 1. Flow chart of Smithsonian Institution solar-constant 
observing procedure. 

before normalization to the pyrheliometer readings 
The spectrobolograms are thus placed on an abso]utt 
energy scale and become spectral-irradiance curve: 
covering the range 0.346 to 2.4 P. Finally, the extra. 
polation to zero air mass of these curves, wavelengtl 
by wavelength, will yield a zero air-mass solar spectral. 
irradiance curve on an absolute energy scale and cov 
ering the spectral range 0.346 to 2.4 p. 

Since the solar constant is the energy in the entin 
solar spectrum for all wavelengths from zero to infin 
ity, corrections must be added to the areas under the 
zero air-mass spectral-irradiance curves to take into 
account the energy outside the range 0.3% to 2.4 p o 
the spectrobolometer observations. These corrections 
to a great extent comprising wavelengths that neve 
reach the ground, we shall refer to as the “ultraviole 
and infrared zero air-mass corrections.” Values of thes 
correctionss?EZi&timated by the Smithson& 
Institution [6; 8); h owever, a clear distinction be 
tween the different natures of the spectrobologram ant 
sero air-mass types of correction was not made. 

The ultraviolet and infrared zero air-mass correcth 
cannot be accurately determined from measurement 
made at the ground, because most of the energy in 
volved does not reach the ground. In thinking of th 
corrections, it is convenient to separate them into tw, 
parts ; the first covers wavelengths which, althoug: 
attenuated, do reach the earth’s surface, and can b 
measured from the ground ; the second includes d 
wavelengths which are entirely absorbed in the atmor 
phere, and cannot possibly be determined from groun 
measurements. In the ultraviolet, the spectral regio 
0.29 to 0.346 cc can, in general, be observed from th 
earth’s surface; but owing to the very great atmo! 
pheric attenuation for the shorter wavelengths, th 
accuracy with which the extrapolation to zero air mar 
can be made is apt to be low. For wavelengths shortc 
than 0.29 p, ground measurements are not possible z 
all, since ozone absorbs all the radiation even whe 
the sun is near the zenith; until the rocket measure 
ments became available, this part of the ultraviolc 
zero air-mass correction could only be estimated. Tl 
situation with the infrared eero air-muss corrtctian 
somewhat similar. 

Inaccuracies in calibration of the equipment, of 
nature such as to affect the shape of the spectrobolc 
grams, have an-effect upon the solar constant whit 
is not necessarily negligible; this effect is introduce 
in the extrapolation to zero air mass, and is due to tl 
atmosph-eric attenuation being much -c - ..____ gr eater fcztLsll0 
wavelengths than for.long. For example, suppose th; 
the spectrobolograms are too low in the infrared ; aft’ 
normalization to the pyrheliometer readings, the cur-v 
become raised as a whole by enough to make up tl 
deficiency in the infrared. This makes the visible ar 
ultraviolet portions of the normalized spectrobol 
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too high, while the infrared portions 
low. Although the total areas under 

spectrobolograms are correct, an error 
I:.-:;;:;roduced upon extrapolation to zero air mass, 
because the atmospheric attenuation for the ultra- 
violet and visible is greater than that for the infrared. 
In the example given, the infrared deficiency would 
not be increased appreciably upon extrapolation to 
zero air mass. However, the ultraviolet and visible 
excess energy, which just compensated for the infrared 
deficiency in the individual normalized spectrobolo- 
grams, would be magnified upon extrapolation to zero 
air mass because of the lower atmospheric transmission 
coefficient in this spectral. region, and would then 
overcompensate the infrared deficiency: as a result, 
the integrated energy under the zero air-mass curve 
would be a little too high. Thus, a magnification of 
the ultraviolet and visible errors relative to the infra- 
red error is produced by the difference in the atmos- 
pheric transmission coefficients appropriate to these 
spectral regions. The Smithsonian Institution does not 
claim great accuracy for the shape of the spectro- 
holograms, since it spent no great effort in making 
the curves any more accurate than required for its 

purpose, which was to determine variations 
e solar constant. It states [9] that some uncer- 

remains in the spectrometer transmission cor- 
. . . . . . . . . . . . ..~~~Zns, which must be applied in obtaining the spec- . . . . . . . . . . . . . . . . . . . . . . . . 
;==::=dograms ; any such uncertainty is carried directly . . . . . 
over to the spectral-irradiance curves. 

The Smithsonian Institution has also used a “short 
method” of observation, which does not involve the 
use of the spectrobolometer. However, the determi- 
nation of the absolute value of the solar constant rests 
upon the “long method” described above, and the 
“short method” simply provides a means of accumu- 
lating solar-constant data more rapidly, but on the 
scale determined by the “long method.” 

The mean of the solar-constant determinations made 
o\:er a 30-yr period by the Smithsonian Institution 
[lo] was reported in 1952 to be 1.946 cal cm-* min-r, 
in the scale of pyrheliometry “in actuaI use” over this 
period. At the same time, this scale was stated to 
yield results which are 0.6 per cent too high.’ There- 
fore, the mean value of the solar constant at present 
upheld by the Smithsonian Institution is 1.934 cal 
crne2 min+. 

I The scale of pyrheliomctry “in actual use” by the Smithsonian 
Institution in its observations is now stated to be the scale in 
\vhich all its solar-constant results have been presented. Although 
it has been thought for many years that the Smithsonian results 

presented 

e 

in terms of the “scale of 1913,” the Smithsonian 
ution [lo] in 1952 says that this is not so, and that its 
s must bc increased by 1.8 per cent to be in terms of the 

ale of 1313.” However, as was stated by the Smithsonian 
J;~~;:~::.!tion [ll; 12; 131 once in 1934 and twice in 1948, the . . . . . . . . . . . . .‘............ 1913 gives results which are 2.4 per cent too high. Therc- . . . . . . . . 
fi:~.~~le scale “in actual use” and the presented data require 
OI,., a correction of 0.6 per cent downward. If this is done, the 
results arc given in terms of the “scale of 1932,” which is consid- 
cred to be correct. 

The basic quantity actually measured by the Smith- 
sonian Institution, however, is the energy between 
0.346 and 2.4 cc. The value for this portion of the solar 
constant can be deduced by subtracting the ultra- 
violet and infrared zero air-waass corrections from the 
value 1.934 cal cm-* min-r. It can be shown, from its 
definitions of the corrections and its spectral intensity 
distribution, that the values are 0.061 and 0.038 cal 
cm-* min-r, respectively, for the ultraviolet and infra- 
red energy that lies outside the spectral range covered 
by the spectrobolometer. Therefore, the Smithsonian 
Institution data indicate that the solar irradiance out- 
side the earth’s atmosphere and at mean solar distance 
within the spectral range 0.346 to 2.4 P is 1.835 Cal 
cm-* min-r. 

3. The new spectral irradiance curve . 

New zero air-mass solar spectral-irradiance data, 
covering the wavelength range 0.22 to 0.60 g, have 
recently been obtained at the Naval Research Labora- 
tory. The values from 0.22 to 0.34 p were obtained by 
Johnson et al [l) by direct measurements from high- 
altitude rockets; they were considered to be accurate 
within f5 per cent on a relative scale of energy, but 
the absolute energy scale was subject to greater error. 
The spectral range from 0.30 to 0.65 P was covered by 
Dunkelman and Scolnik [2], who made measurements . 
from Mount Lemmon, Arizona, and extrapolated to 
zero air mass. Data were obtained with much greater 
spectral resolution than in most previous work, and 
the use of a double monochromator insured greater 
freedom from stray light than could be attained with 
single dispersion, as used by the Smithsonian Institu- 
tion. The curve was presented on an absolute scale, 
with an accuracy of f10 per cent. Regarded as a 
relative distribution of energy, the curve was consid- 
ered more accurate, with a probable error of f3 per 
cent. It seemed probable that the absolute energy 
scale of both sets of data could be determined most 
accurately by comparison with the Smithsonian ob- 
servations. :’ 

After study of all the available data, it was con- 
eluded that the most accurate zero air-mass solar 
spectral&radiance curve on a relative energy scale 
would be obtained by use of the Naval Research 
Laboratory data up to 0.60 P and Moon’s [14] data 
to longer wavelengths. The latter are based mainly 
upon the Smithsonian observations and are the data 
given in the 1952 (9th) edition of the Smithsonian 
pltjlsical tables. There have been suggestions that this 
curve is too low in the infrared. However, since some 
recent observations of Peyturaux [lS) agree very well 
with the curve as Moon drew it, the curve will be 
accepted as the best infrared data available at this 
time. The most satisfactory wavelength at which to 
join Dunkelman and Scolnik’s data to Moon’s ap- 

. 
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peared to be 0.60 P, and it was necessary to raise their correction is nearly perfect, and for larger air nlasscs 

-e >, . . ..::: . . . . . . . . . . . . . . . . . _ . . . . . , . . . . . . . . . . . . . . . . . . . . . _ . . . . _’ ‘T. ;-. _ -- -_ __. 

- . 
‘, 
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. . 

.~ a ._. . . . . . . . . . . . . . . . . ::.-:::. 2.. ;:. . . . . . . . . . . , . . . . . . :..:... . . . . . 

data by 6 per ten; above the values indicated by their the corrections are slightly-too small. - 
absolute scale to make the match. The rocket data, ! The result of the s,mall discrepancy between tht 
in turn, were adjusted to the curve of Dunkelman and prese~~c%EGrection curve and that of thf I 

Scolnik at 0.318 p. To eliminate the detailed Fraun- ’ Smithsonian Institution is to increase the solar zerc 
hofer structure, the Naval Research Laboratory data 
were averaged over 100-A intervals. 

In fig. 2, the resulting composite curve is shown. 
The solid curve represents the rocket data for wave- 
lengths shorter than 0.318 P, and Dunkelman and 
Scolnik’s data for longer wavelengths. The dashed 
curve, following Moon’s data, is to be used beyond 
0.60 ~1; the portion below 0.60 P is included merely for 
comparison. Although the absolute energy scale ‘is 
given, for the moment the curve must be regarded as 
relative only ; the determination of the absolute scale 
is described below. 

4. Revision of the ultraviolet corrections 

The solid curve of fig. 2, with the energy scale con- 
sidered as only relative, can now be used to compute 
the ultraviolet spectrobologrum corrections. These are 
defined by the Smithsonian Institution as the solar 
irradiance at the earth’s surface in the spectral region 
below 0.346 P, expressed as a percentage of the total 
solar irradiance at the ground for-the-apecfral range 
0.346 to 0.704 ~1. They are functions of the air mass 
and of the prevailing atmospheric clarity. The wave- 
length 0.704 p, chosen arbitrarily by the Smithsonian 
Institution, divides approximately in half the solar 
energy between 0.346 and 2.4 ~1 outside the earth’s 
atmosphere. 

Values of the corrections were calculated for the 
atmosphere above Montezuma, Chile, for a range of 
air masses from 1 to 5, with the assumption of Ray- 
leigh attenuation, including the polarization defect, 
and 2.25 mm of ozone. The result is shown in fig. 3, 
along with the correction curves used by the Smith- 
sonian Institution C6; 8-J for three different conditions 
of atmospheric clarity, also for Montezuma. For an 
atmosphere of maximum clarity, it can be seen that 
the Smithsonian correction for air mass one is about 
0.4 percentage units too large: for air mass three, the 

FIG. 2. Solar spectral-irradiance curve outside earth’s atmos- 
phere, corrected to mean solar distance. 

air-mass irradiance in the interval 0.346 to 2.4 p bl 
about 0.3 per cent. The reasoning follows. For air 
mass one, the Smithsonian Institution overestimate! 
the ultraviolet spectrobologram correction by 0.4 per. 
centage units. Therefore, its normalized spectrobolo 
grams for unit air mass are too low by about 0.4 pel 
cent of the energy between 0.346 and 0.704 p. For ail 
mass two, the error is about half this amount, and for 
air mass three, there is no error. For larger air masses 
the normalized spectrobolograms are a little too high 
In the process of extrapolation to zero air mass, these 
errors in the normalized spectrobolograms become 
magnified to a deficiency of 0.7 per cent of the energ! 
between 0.346 and 0.704 ~1. Since the total energy ir 
this spectral range, for zero air mass, is 0.900 cal cm- 
min-*, the error is 0.900 X 0.007 = 0.006 cal cm- 
min-r. Thus, examination of the Smithsonian ultra 
violet spectrobologrum corrections indicates that the 
value of the zero air-mass solar irradiance betweer 
0.346 and 2.4 p should be increased from 1.835 tc 
1.841 cal cm-* min-r. 

The normally present fluctuations in the amount o 
ozone do not produce important changes in the ultra 
violet sdectrogo;blogram corrections, and can be neglected 
The curve in fig. 3 was calculated for 2.25 mm o 
ozone. Similar curves, calculated for 1.50 and 3.0( 
mm of ozone, do not differ from the curve shown fo 
2.25 mm by more than 0.2 percentage units. Accord 
ing to Dobson’s [16] data, the ozone amount at Non 
tezuma does not change much through the course o 
the year, and is generally near 2.25 mm. 

FIG. 3. Ultraviolet corrections, defined by Smithsonian Insti 
tution as energy for wavelengths shorter than 0.346 c expresse 
as percentage of energy in wavelength region 0.34G to 0.704 1 
Values for air mass one and greater are spectrobologram corm 
tzbns; values for air mass zero are sero air-muss corrcctiuns. Thre 
cases show-n for Smithsonian Institution are for three ditferen 
conditions of atmospheric clarity, case 1 being for highest atmor 
pheric cIarity. 
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he ultr a from 
3 and . . . . . . . * 

aviolet zero air-nzass correction was calcu- 
the Naval Research Laboratory curve of 
is also shown in fig. 3. The result ‘is that 

‘::::::::::::.?ero air-mass solar irradiance for wavelengths . . . . . . . . . . . 
QZter than 0.346 p is 9.5 per cent of the zero air- 
mass solar irradiance in the spectral region 0.346 to 
0.704 cc. The value estimatedaby the Smithsonian In- 
stitution, also shown in fig. 3, is 6.88 per cent, and is 
appreciably less than the present value. Use of our 
value for the uItraviolet zero air-tnass correction has 
the effect of increasing the solar constant by (9.5 
6.88) per cent, or 2.6 per cent, of the zero air-mass 
solar irradiance in the spectral interval 0.346 to 0.704 p. 
This revision results in an addition of 0.024 Cal cm” 
min-l to the solar constant1 

[19], who calculated as a function of wavelength the 
amount of energy from a 6000K black-body source 
penetrating a 2000-yard horizontal path containing 
0.9 to 3.6 cm of precipitable water vapor. This calcu- 
lation was based upon extrapolations of recent iabora- 
tory measurements of the spectral attenuation of air 
containing known amounts of water vapor and carbon 
dioxide, and is not a close parallel to the optical path 
to the sun through the atmosphere above Montezuma. 
However, the agreement is surprisingly good. 

5. Revision of the infrared corrections 

New values of the infrared corrections were com- 
puted on the basis of the solar curve shown in fig. 2. 
From 0.704 to 1.2 P, this curve is the mean proposed 
by hloon after a study of the existing data. From 1.2 
to 2.4~. the curve is drawn as a 6000K gray-body 
because, according to Moon, this fits all the data in 
this range better than any other curve. Beyond 2.4 p, 

complete spectrum has been obtained outside the 

QLr 

sphere, I but the spectrum has been studied by 
. . [17; 181 at the ground through-‘a number of _..... 

.-:ii”:E?pheric windows. The portions of the spectrum . . . . _.. . . . . . . . I::::::::::::. . . . . . . . . _ . . . . . . . #served fit a 6000K gray-body curve fairly well , 
and since Fraunhofer absorption is comparatively 
weak in the infrared it appears safe to interpolate 
between the windows and to assume that the solar 
spectrum outside the atmosphere from 2.4 to at least 
14 p is similar to that of a 6000K gray-body. Actually, 
it is necessary to consider the solar spectral-irradiance 
curve out to 6 or 8 P onIy, since very little energy is 
associated with wavelengths longer than this. 

The infrared spectrobologratn corrections were re- 
garded by the Smithsonian Institution as functions of 
water-vapor absorption only, which was justifiable 
because of the smallness of the attenuation due to 
Rayleigh scattering in this spectral region. The cor- 
rections were defined as the ratio of the solar irradiance 
beyond 2.4 JA to the irradiance from 0.704 to 2.4 p - 
both measured at the ground, but smoothed over the 
atmospheric absorption bands present in the range 
0.704 to 2.4 p. They were determined from direct 
spectrobolometric measurements, made with a rock- 
salt prism over the range 0.704 to 10 ~1 and covering 
the range 2.5 to 5.4 cm of precipitable water vapor. 

-e 

actual calculation of the infrared spectrobolo- 
correc&ns, starting with the solar spectral inten- 

srt?!. distribution and the absorption spectra of the 
;f%%-,h~r~, is not simple, because of the complicated -~::.‘:::.~=.:.~. 
F:?i:?% of water-vapor absorption, and was not at- 
tempted. Instead, use was made of the work of Yates 

In fig. 4 are shown the Smithsonian [6 ; 8-J correc- 
tion curve and the result from Yates’ data. It can be 
seen that the curves are in satisfactory agreement 
near 3 cm of precipitable water, where the data over- 
lap. The difference in slope between the two curves 
may be due to the great differences in conditions such 
as pressure, temperature and spectral resolution, or 
even due to the fact that an extrapolation of the 
infrared absorption data was involved in Yates’ cal- 
culations for these amounts of water vapor. The writer 
is therefore prepared to accept the Smithsonian infra- 
red spectrobologram corrections as the best values now 
available, and cannot suggest that any error was intro- 
duced by these corrections into the Smithsonian meas- 
urement of the zero air-mass solar irradiance between 
0.346 and 2.4 cc. 

To obtain the infrared zero air-truss correction, the 
Smithsonian Institution extrapolated its observed in- 
frared spectrobologram correctiofzs to zero air mass in 
the simple fashion shown in fig. 4. The solid curve, 
based upon Yates’ data, shows that the manner in 
which this was done was not correct. The Smithsonian 
curve should have turned sharply upward somewhere 
below 1 cm of precipitable water vapor. In adopting 
the curve shown in fig. 4, the Smithsonian Institution 
failed to recognize the great amount of absorption due 
to small amounts of water vapor, especially near 2.5 p. 
For the Smithsonian value of the infrared sero &Y- 

‘f 

FIG. 4. Infrared corrections, defined by Smithsonian Institu- 
tion as energy for wavelengths longer than 2.4 cc, expressed as 
percentage of energy in wavelength region 0.704 to 2.4 p with 
atmospheric absorption bands smoothed over. Values for zero 
water vapor are zero air-nrass corre&ons, and values for amounts 
of water vapor other than zero are speclroMogranr currcctions. 
Curve bearing Yates’ name is adapted from his calculation of 
transmission of 6OOOK black-body radiation through horizontal 
atmmpherc. based upon experimental data. 

. !’ 
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mass correction to be correct, the zero air-mass spectral-. 
irradiance curve would have to fall sharply below the 
6000K gray-body curve shortly beyond 2.4 p. As it is 
well established that the sun resembles a 6000K gray- 
body in this region, it is clear that the Smithsonian 
infrared zero air-mnss correction is too small. 

The infrared zero air-mass corre&on has been com- 
puted from the solar energy distribution shown in 
fig. 2, by calculating the zero air-mass solar irradiance 
beyond 2.4 c(, and exj>ressing it as percentage of the 
energy between 0.704 and 2.4 p. The resulting value 
is 8.1 per cent, slightly higher than the value of 7.6 
per cent shown in fig. 4 and appropriate to a 6000K 
gray-body, which lies a little above the actual solar 
curve below 1.2 P. This is to be compared with the 
value 3.95 per cent used by the Smithsonian Institu- 
tion, and acts to increase the solar constant by (8.1- 
3.95) per cent of the zero air-mass solar irradiance 
between 0.704 and 2.4 P, or 0.038 cal cm-* mix+. 

6. The absoluti energy scale 

It is now possible to assign to the zero air-mass 
spectral-irradiance curve, shown in fig. 2, an absolute 
scale based upon the work of the Smithsonian Insti- 
tution. This is considered to be the most accurate 
determination of the scale, and is used instead of the 
direct determinations of the absolute energy scale of 
the ultraviolet data obtained from rockets and from 
the earth’s surface. r\‘ormalization is made to the 
revised value for the zero air-mass solar ix-radiance in 
the spectra1 range 0.346 to 2.4 p. As shown earlier, 
the Smithsonian value, 1.835 cal cm-’ min-I, for the 
energy in this region should be increased by 0.006 cal 
cm-’ min-1 in accordance with our revision of the 
ultraviolet spectrobologram corrections, but no change 

in the infrared spectrobologram correct&s is indicated. 
The result is 1.841 cal cm+ min-r. The scale shown 
in fig. 2 applies to the cuwe as normalized to this 
value. It is noted that the Smithsonian eero air-mass 
corrections are not in any way involved in fixing this 
scale. 

The energy scale thus established required increa+ 
ing Moon’s data by 2.8 per cent. Dunkelman and 
Scolnik’s results, which had already been increased by 
6 per cent to match Moon’s at 0.60 P, were thus raised 
by 9.0 per cent in all, but remain within the 10 per 
cent accuracy claimed. In the case of the rocket spec- 
tra, an attempt was made by Johnson eta1 [l] to 
establish an absolute scale. The best value obtained 
at 0.283 p was 0.0296 watt cm” p-l, and is to be com- 
pared with 0.0281 watt cm” P-’ as read from the 
normalized curve of fig. 2 ; the agreement is within 
about 5 per cent, and is well within experimental error. 

The data from which fig. 2 is plotted are given in 
table 1. The absolute solar spectral-k-radiance values 
for air mass zero, at mean solar distance, are given in 
the second column. The spectrum below 0.60 p is pre- 
sented in more detail in the original papers [l ; 23, 
and in terms of the scale established here. The third 
column of table 1 gives the percentage of the total 
solar irradiance between wavelengths 0 and X : the 
percentage from X to infinity is obtained, obviously, 
by subtraction from 100. These data were determined 
by integration of the curve in fig. 1. They are particu- 
larly useful for obtaining quickly the total solar irra- 
diance within a given spectral band. Thus, 1.23 per 
cent of the total solar irradiance lies below 0.3 P, and 
0.712 ~1 is the wavelength dividing the solar spectrum 
into equal halves. 
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7. The revised solar constant 

c 

ew value of the solar constant can now be com- 
. Two alternative ways are available, which 

-::., ==r to be different in nature, but actually are ::::.:i,::,,i: 
YZE%ally the same. One can either integrate under 
the curve of fig. 2, now that the absolute scale is 
established, or one can evaluate the revised zero air- 
mass corrections and add them to the revised zero 
air-mass energy between 0.346 and 2.4~. In either 
case, the result is 0.1396 watt/cm2, or 2.002 cal cm-* 
min-*. 

The actual values of the revised se10 air-nulss cor- 
rections for the spectrum below 0.346 and above 2.4 P 
are computed as follows. As discussed previously, the 
ultraviolet zero air-muss Gorrection’is 9.5 per cent of 
the zero air-mass solar h-radiance between 0.346 and 
0.704 cc. The latter value, from integration of the curve 
of fig. 2, is .0.900 cal cm-2 min-I; hence, the value of 
the correction is 0.085 caI cm-* min-r and may be 
compared with the value 0.061 cal cm” min-’ used 
by the Smithsonian Institution. Similarly, the infra- 
red zero air-mass correction is 8.1 per cent of the zero 
air-mass solar irradiance between 0.704 and 2.4 p, 
which is 0.941 cal cm-* min-*. The correction thus 
becomes 0.076 cal cmV2 min-I, and is twice the value 

.038 cal cm-* min-’ 

# 

used by the Smithsonian 
ution. The solar constant is given by J.841 + 

. + 0.076 :t:iii:::::%l = 2.002 cal cm-* mm-‘, in agreement . . . . . . . . . . . . . . ;:.;;;z:;he direct integration. . . . . . . . . I. . . . . . . . . . . --r-Ire solar-illuminance constant is obtained by mul- 
tiplying the curve of fig. 2 by the standard luminosity 
curve of the International Commission on Illumina- 
tion. Integrating and using 680 lumens per watt as 
the reciprocal of the mechanical equivalent of light, 
we find the resuItant value for the solar-illuminance 
constant to be 13.67 lumen cm-l, or 12,700 foot- 
candles. 

The spectral-irradiance curve beyond 1.2 p was de- 
scribed as being the same-as that for a 6OOOK gray- 
body. Now that the absolute scale has been deter- 
mined, the degree of grayness or the emissivity of the 
sun can be determined for this spectral region, and is 
0.990. Thus, the solar curve falls 1.0 per cent below a 
6000K black-body curve, and the sun has a brightness 
temperature of about 59fOK in this spectral region. 
Other portions of the solar spectral-irradiance curve 
fall much farther below the 6000K black-body curve. 
With the spectral resolution presented in fig. 2, only 
at the peak of the solar spectrum near 4500A does 

m 

rightness temperature exceed 6OOOK. However, 
high resolution, many narrow spectral bands in 

near ultraviolet and visible portion of the spectrum 
f.:lr::::::::? -‘.......=“‘* . found where the brightness temperature ex- . . . . . . . . . . . . . . . . . . . -.. q;jiiiiyjOOoK, 

8. Discussion of errors 

The shape of the ultraviolet and visible portion of 
the solar spectral-irradiance curve is considered now 
to be established with good accuracy. In the infrared, 
however, a preliminary note by Gates et al [ZO] sug- 
gests that a change of some sort from the data of 
Moon may eventually be established. Since Gates 
et al’s data are only preliminary in nature, and a full 
account has not been published, they have been con- 
sidered mainly to illustrate what would be the effect 
on the solar-constant value of changes in the shape of 
the spectral-irradiance curve, and to point out that 
future work may eventually lead to a further small 
revision in the solar constant. Gates et al’s preliminary 
results indicate that the sohu spectral-irradiance curve 
is higher in the region 1.2 to 2.2 cc than indicated by 
the Smithsonian Institution, and coincides with that 
from a 7OOOK black-body sun over the spectral range 
1.5 to 1.8 p. This amounts to an increase of about 
0.07 cal crnm2 min-r above the Smithsonian data. It 
must be emphasized that this would not result in an 
increase of 0.07 caI cm-* min+ in the solar constant. 
As explained earlier, assumption that the Smithsonian 
spectral-irradiance curve is too low in the infrared 
would cause its value of the solar constant to be a 
little high rather than low. The effect of the change 
suggested by Gates et al’s data can easily be estimated. 
Since the change is within the spectral range of the 
Smithsonian spectrobolometer, an infrared increase of 
0.07 cal cm-? min-’ would have to be compensated for 
by a decrease in the spectrobolometer curves elsewhere 
in the spectrum, so as to keep the entire curve nor- 
malized to the pyrheliometer reading. If the decrease 
were spread uniformly over the visible and cltravioIet, 
it would be approximately 6 per cent. After extrapo- 
lation to zero air mass, the area under the visible and 
ultraviolet portion of the spectral-h-radiance curve 
would be deficient by about 0.08 cal cma2 min-1, 
whereas the excess in infrared would remain near 0.07 
cal cm-* min-i. Thus, the effect of adopting such a 
change as that suggested by Gates et al would be to 
lower the solar constant by about 0.01 cal cm” min-1 
and to lower our visible and ultraviolet values by about 
7 per cent. 

In the ultraviolet, the spectral-irradiance curve 
adopted in the present work is slightly higher than the 
data used by the Smithsonian Institution, as shown in 
fig. 2. This change in shape introduces a small effect 
of the same nature as the example just presented, but 
tending to increase the solar constant. However, be- 
cause the magnitude of the increase is only about 0.1 
per cent, it has been neglected. 

If we regard Gates et al’s data [20] as an outside 
limit to possible changes in the solar spectral-irradi- 
ante curves, it seems reasonable to suggest that uncer- 
tainties in the shape of the solar spectral-h-radiance 

. 
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curve introduce into the solar constant an uncertainty 
no greater than 0.01 cal cm-* min-I, or 0.5 per cent. 
It appears unlikely that the ultraviolet zero air-mass 
correction can be changed by as much as 10 per cent 
of its present value, or 0.009 cal cm-2 min-*. The 
infrared zero air-mass correction is probably subject 
to even less uncertainty. It seems improbable that it 

‘can be changed from 0.076 by more than 0.005 cal 
cm-? mix?. Thus, the uncertainty introduced into 
the solar constant by the ultraviolet and infrared zero 
air-mass corrections does not exceed 0.014 cal cm-* 
min-‘, or 0.7 per cent. Uncertainties in the ultraviolet 
and infrared sfiectrobologram corrections do not appear 
to be large enough to introduce a possible error of 
more than 0.5 per cent in t‘he solar constant. 

To the uncertainty contributed by the ultraviolet 
and infrared corrections, and by the shape of the solar 
spectral-irradiance curves, must be added any uncer- 
tainty in the Smithsonian scale of pyrheliometry. The 
accurac? claimed is of the order of a few tenths per 
cent, but the magnitudes of the changes made in 1932 
and 1952 (respectively, 2.4 and 1.8 per cent) seem to 
indicate a somewhat greater uncertainty. It would 
appear reasonable to suggest that the probable error 
in the solar constant is 2 per cent, and thus that the 
best value of the solar constant is 2.00 f 0.04 cal 
cm-? min-I. 

Although the spectrum of the sun below 2OOOA is 
still little known, the total energy involved, even 
assuming that large variations may occur, is small and 
its contribution to the solar constant is negligible. 
For example, a SOOOK black-body sun being assumed, 
which is probably more intense than the actual sun 
below ~OOOA, the energy from ~OOOA to ~SOOA is only 
0.03 per cent of the solar constant, and is 98 per cent 
df the energy in the entire spectrum below 2000A. 
Further, the energy in the first line of the Lyman 
series of hydrogen;at 1216A, has been found [213 to 
be of the order of 0.1 erg cm-* set-I, or lo-’ of the 
solar constant. Also, the total energy in the X-ray 
spectrum was estimated by Byram et al [22], from 
measurements with photon counters, to be of the order 
of 1 erg cm” see-I, or lo-” of the solar constant. 

9. Earlier revisions of the solar constant 

.I t may be appropriate at this point to make brief 
mention of a number of more recent attempts to re- 
vise the corrections and solar-constant values of the 
Smithsonian Institution. Schatzman [23), erroneously 
assuming that the Smithsonian ultraviolet zero air- 
tnass correction is based upon the assumption of a 
6000K black-body, has stated that the Smithsonian 
solar-constant value should be reduced by 2.44 per 
cent to agree with the preliminary rocket results. 
Allen [24) has pointed out Schatzman’s error, and at 

the same time has proposed an increase of 0.06 cd 
cm-* m in+ in the Smithsonian soIar-constant value tc 
allow for infrared energy beyond 2.4 ,.L Nicolet [25 I 
261 has shown that Allen failed to subtract the Smith. 
sonian infrared zero CZ~Y-VZU~S cwrection before adding 
his own. Nicolet went on to synthesize a zero air-mass 
solar spectral-irradiance curve from the preliminary 
rocket data and astrophysical theory, and has nor- 
malized his resulting curve using Smithsonian data. 
However, he misinterpreted the changes in scale and 
the zero air-mass corrections applied by the Smithson. 
ian lnstitution in such a way that his results are 
essentially presented in terms of the scale used by the 
Smithsonian Institution leading to their solar-constant 
value of 1.946 cal cm-* min-*, and in which a scale 
error is indicated. Georgi [27] pointed out that Kico. 
let’s results include a scale error, and revised them 
accordingly. Houghton [ZS] and Fritz [29], using 
preliminary results of solar ultraviolet spectra ob. 
tained during rocket flights and new estimates for the 
infrared end of the solar spectral-irradiance curve, 
obtained values for the solar constant, which, like 
Georgi’s, are free from errors in interpretation of the 
Smithsonian data. However, Houghton, Fritz, and 
Georgi all failed to show that the ultraviolet and infra- 
red extensions which they applied to the observed 
Smithsonian solar spectral-irradiancc curve were con- 
sistent iith ‘the ultraviolet and infrared spectrobolo. 
grunt corrections actually used by the Smithsonian 
Institution. Also, their results must be increased b) 
1.8 per cent in agreement with the change in scale 
announced by the Smithsonian Institution in 1952. 

The last revision by the Smithsonian lnstitutior 
[6 ; S] of the ultraviolet and infrared corrections Jva! 
in 1927. At that time, and since then, it has answered 
criticism of the magnitude of the infr&ed and ultra. 
violet corrections which it applies in its work with tht 
statement that, owing to its procedure of normali+ 
the spectrobolograms according to the pyrheliometel 
reading, the magnitude of these corrections is unim, 
portant because any errors are largely self-cornpen, 
sating. Although this may happen in special cases, il 
is easy to show that it does not hold in general. Fol 
example, if its spectrobologrum corrections are too small 
the spectrobolograms when normalized and extrapo. 
Iated to zero air mass are too high, and give too great 
a value for the zero air-mass irradiance in the spectra 
interval 0.346 to 2.4 p ; then, if the zero air-mass correc 
tions which are added are also too small, some degree 
of compensation results, and the solar-constant value 
might be nearly correct. It is possible to postulate 
conditions such that a compensation of this type woulc 
indeed occur, and it happens that the Smithsoniar 
has, in fact, adopted ultraviolet and infrared correc 
tions which vary with air mass and water vapor ir 
such a way that the solar constant is not great11 
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changed from the value that would be obtained if the 
-tions wc:re assumed to be zero. It also follows 

8 .-:. f its corrections are all multiplied by a constant 
:.==..=~-, the resulting solar-constant value will still not _....._.. -._ . . . . . ..-.. 

fi?g:-;greatly changed from the value which it obtained. 
For example, application of zero ultraviolet and infra- 
red corrections would result in a value near 1.92 cal 
cm-? min- ’ for the zero air-mass irradiance between 
0.316 and 2.4 cc, instead of the value 1.835 cal cm” 
mine1 which is obtained with the corrections now 
used, and the solar constant of 1.92 cal cm-l min-’ 
which would result is not much different from the 
value 1.934 cal crnm2 min-’ which the Smithsonian 
Institution now gives. However, self-compensation 
cannot, in general, be exkcted to occur. The fact 
that the relations between the Smithsonian spectro- 
bobgram wrrectims and zero air-mass cone&ions hap- 
pened to be such that this compensation appeared to 
occur is not fundamental evidence that compensation 
really does occur. Adopt& of a change in the zero 
air-mass corrections, with no change in the spectrobolo- 
grant corrections, or vice versa, will affect the solar con- 
stant and no compensation will occur to prevent this. 
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